We present an ultrafine tunable single-frequency Brillouin fiber laser in which the fiber Brillouin gain also acts as a high-precision tunable filter. Controlling the strain on the fiber, the Stokes frequency shift may be precisely changed, and thus the lasing frequency can be tuned. Assisted by the frequency pulling effect, this method provides continuous ultrafine tuning ability for ∼30% of the free spectral range without mode hopping, and can cover 271 MHz. The experiments showed that the laser achieves tuning step of 60 kHz. [4, 5] . Using temperature or current tuning methods, the best tuning accuracy is typically tens of MHz if wavelength locking is used for ensuring wavelength accuracy [6] . And due to accuracy limitations in controlling the cavity length, the tuning accuracy of external cavity diode lasers can only achieve several tens of gigahertz (GHz) [7] . Tunable single-frequency fiber lasers usually need a filter to achieve the wavelength tuning [8] . The lasers depending on optical filters generally have several GHz tuning accuracies. Better fine tuning of fiber lasers was carried out by thermal tuning [9] or changing the cavity length by a piezoelectric-controlled delay line [10] , and the tuning accuracy of tens of MHz was achieved.
Tuning accuracy is one of the most important features of single-frequency lasers, especially for the applications in metrology and high-resolution spectroscopy [1] . Being capable of compactness, reliability, and wide tunability, semiconductor lasers and fiber lasers have been the two kinds of extensively investigated tunable singlefrequency lasers nowadays [2, 3] . For semiconductor lasers, such as distributed feedback and distributed Bragg reflector laser diodes, the coherence is limited by the linewidth of several megahertz (MHz) due to their short cavity [4, 5] . Using temperature or current tuning methods, the best tuning accuracy is typically tens of MHz if wavelength locking is used for ensuring wavelength accuracy [6] . And due to accuracy limitations in controlling the cavity length, the tuning accuracy of external cavity diode lasers can only achieve several tens of gigahertz (GHz) [7] . Tunable single-frequency fiber lasers usually need a filter to achieve the wavelength tuning [8] . The lasers depending on optical filters generally have several GHz tuning accuracies. Better fine tuning of fiber lasers was carried out by thermal tuning [9] or changing the cavity length by a piezoelectric-controlled delay line [10] , and the tuning accuracy of tens of MHz was achieved.
In this Letter, we present a tunable Brillouin fiber laser (BFL). The BFL is pumped by a frequency-stabilized tunable laser source (TLS) and has the advantage of no need for cavity matching of pump frequency. Controlling elastic strain applied on the fiber as the stimulated Brillouin scattering (SBS) medium, the Brillouin frequency shift (BFS) can be changed. The lasing frequency follows the BFS change and thus can be tuned. The BFS change may be controlled in an accuracy of the kilohertz scale [11] . Figure 1 depicts the setup and the operation principle of this fiber laser. In Fig. 1(a) , the 1557:19 nm light from a TLS is amplified to the power of 204 mW by an erbium-doped fiber amplifier (EDFA). The amplified light is injected into the cavity through a circulator as the SBS pump. Brillouin lasing occurs in the cavity when the injected power exceeds the threshold. The laser light comes out from the 30% end of a 30=70 coupler. Because of the directionality of the circulator, the pump light passes through the cavity with only one round trip, and it does not resonate in the cavity. The Stokes light circulates in the cavity and forms the resonance for efficient lasing.
When the cavity length is short enough and the cavity mode spacing is comparable to the SBS gain linewidth, the BFL easily operates in single longitudinal mode (SLM) status. To tune the lasing frequency, the single-mode fiber (SMF) as Brillouin gain medium is coiled on a couple of drums with a diameter of 16 cm. In Fig. 1 (b), drum 1 is mounted on a step motor, and the step motor is mounted on an x stage set. Drum 2 is fixed. The step motor drives the fiber extension with a step length of 2:5 μm, which is operated by a computer. By step moving drum 1, the elastic strain is applied to the SMF. The Brillouin gain spectrum can be shifted, and thus the lasing frequency can be tuned. Figure 2 shows the output features of the BFL when the BFL operates in SLM status. Figures 2(a) and 2(b) show that the BFL output power is 28:8 mW when the pump power is 204 mW and the BFL output power fluctuation is below 4%. The linewidth is measured by the self-heterodyne method [12] with a 24 km optical-fiber delay line, corresponding to a delay time of 117:5 μs. Figure 2 (c) shows the FWHM is less than 10 kHz, and thus the BFL linewidth is below 5 kHz. Figure 2(d) shows the spectra of the pump and BFL output. It shows that the signal-to-noise ratio of the BFL output is 10 dB higher than that of the pump resulting from the strong noise reduction [13] and linewidth narrowing effect in BFLs [14] .
In principle, the tuning accuracy is determined by the controlling precision of Stokes shift. However, because the lasing frequency is determined by the cavity modes, we should consider the mode-hopping effect. Also, we should consider the frequency pulling effect (FPE) on the lasing frequency owing to strong dispersion in narrow Brillouin gain. As the Brillouin gain has a Lorentzian profile, the round-trip phase-shift condition in the BFL is [15] 
where ω is the lasing frequency after considering the FPE, p is the optical length of the cavity, c is the light velocity in vacuum, α m is the Brillouin gain coefficient, p m is the length of gain medium, ω a is the gain center frequency, Δω a is the gain linewidth, q is an integer, and ω q ¼ q2πc=p is the unpulled (cold) cavity frequency. At steady-state oscillation, the gain equals the cavity loss given by δ c , so the lasing frequency ω is Figure 3 shows the BFL tuning procedure. For a laser, the possible lasing frequencies are ω 1 , ω 2 , ω 3 , and ω 4 ; the cold cavity frequencies are ω q1 and ω q2 , and the cavity free spectral range (FSR) is ω q1 − ω q2 . Figure 3(a) shows that the lasing frequency ω 1 always lies between ω q1 and the Brillouin gain center ω a1 owing to the FPE. In Fig. 3(b) , applying the strain to the fiber, ω a is changed, and the lasing frequency follows to reach ω 2 . When a bigger strain is applied, the lasing mode frequency ω 3 originating from the cavity mode ω q2 begins to resonate when it gets larger gain than ω 2 and while lasing at ω 2 vanishes. Thus, there is a frequency hopping of ω 2 − ω 3 in the tuning process. Figure 3(c) shows the lasing frequency reaches ω 4 at last when the BFS is shifted in one FSR. From Eq. (2), the continuous tuning range (CTR) is
and the mode hopping in one FSR is
Here p ¼ n · L ¼ 1:4682 × 10:3 ¼ 15:12 m (n is the fiber effective index, and L is the cavity length), δ c ¼ 0:5, and Δω a =2π ¼ 20 MHz. The theoretical value of the CTR is 6:57 MHz, and the mode hopping is 13:25 MHz when the gain center frequency change (ω a2 − ω a3 ) is close to zero. Figure 4 shows the setup for measuring the frequency tuning of the laser. There are two independent BFLs but with the same Brillouin pump. One BFL is with the nonzero dispersion-shifted fiber (NZDSF) as the Brillouin Applying strain to the fiber, the lasing frequency ω follows the Brillouin gain center ω a due to the FPE. The mode hopping is ω 2 − ω 3 , and the CTR in one FSR is FSR − ðω 2 − ω 3 Þ. gain medium for referee, and another one is our proposed laser with SMF for measurement. Because the BFSs of these fibers are different, the frequencies of two BFLs are different. When these two SLM lasers are incident on a photodetector, a beat signal, whose frequency is equal to the frequency difference of the two lasers, can be observed. When applying strain to the SMF, the beat frequency change implies that the lasing frequency of the BFL with SMF is changed. Figure 5 shows the measured results of frequency tuning of the laser. In Fig. 5(a) , the left peak of curve (1) is the self-homodyne mode, and the right peak represents the beat signal with frequency of 115:2 MHz when the SMF in the cavity is without strain. Curves (2) and (3) show the frequency hopping of the BFL, and the value is 13:6 MHz. Figure 5(b) shows two measured beat signals in the CTR of the BFL with the frequency of 214:6 MHz and 214:66 MHz. The measured tuning accuracy is 60 kHz. The step of the motor is 2:5 μm, which corresponds to the 14:4 kHz BFS change of SMF, and the linear slope coefficient of the BFS dependence on temperature is 1:36 MHz=°C [11] . So the tuning accuracy here is mainly limited by the BFS fluctuation resulting from the environmental temperature change.
To illustrate the tuning features in detail, we measured the frequency change with the elongation of the SMF.
In Fig. 5(c) , the continuous output frequency change is linear on the elongation. Because of the FPE in the BFL, the CTR is measured to be 6:22 MHz for an FSR of 19:82 MHz. The data demonstrate that the BFL has a frequency hopping of 13:6 MHz, which is in agreement with the theoretical predictions. According to Eq. (3), if the coupler in the BFL has a bigger output ratio, which results in greater cavity loss, the FPE can give rise to larger CTR of the BFL. But it will degrade the output linewidth. Figure 5 (a) also shows the tuning range of the BFL is 271 MHz in the experiment. The theoretical maximum value is 594 MHz limited by the SMF breaking point [11] (∼1% elongation). Coarsely, the BFL output frequency can be written as
where f p is the Brillouin pump frequency and v B is the BFS. The BFL tuning range can be extended by using a tunable laser for Brillouin pump. Thus, combining two tuning mechanisms, an ultrafine frequency tunable BFL with broad tuning range can be achieved.
In conclusion, we present an ultrafine frequency tunable SLM fiber laser based on controlling the fiber strain. By controlling the strain on the fiber for Brillouin gain medium, the lasing frequency can be tuned up to 271 MHz. The continuously tunable frequency span is 6:22 MHz for an FSR of 19:82 MHz. The tuning step of 60 kHz can be achieved, which is three orders better than the finest conventional tunable lasers based on optical filters. Combining the large tuning range of the pump laser, a broad tuning range can also be achieved. In addition, this laser is very simple, practical, and cost effective.
